Fragile X syndrome (FXS) is caused by inactivation of FMR1 gene and loss of its encoded 16 product the RNA binding protein FMRP, which generally represses translation of its target 17 transcripts in the brain. In mouse models of FXS (i.e., Fmr1 knockout animals; Fmr1 KO), 18 deletion of Cpeb1, which encodes a translational activator, mitigates nearly all 19 pathophysiologies associated with the disorder. Here we reveal unexpected wide-spread dys-20 regulation of RNA abundance in Fmr1 KO brain cortex and its rescue to normal levels in 21 Fmr1/Cpeb1 double KO mice. Alteration and restoration of RNA levels are the dominant 22 molecular events that drive the observed dys-regulation and rescue of translation as measured 23 by whole transcriptome ribosome occupany in the brain. The RNAs down-regulated and 24 rescued in these animal models are highly enriched for FMRP binding targets and have an 25 optimal codon bias that would predict their stability in wild type and possible instability in FMRP 26 knock-out brain. Indeed, whole transcriptome analysis of RNA metabolic rates demonstrates a 27 codon optimality-dependent elevation of RNA destruction in FMRP knock-out cortical neurons.
Introduction

34
FXS is the most common form of inherited intellectual disability that is caused by a single gene 35 mutation 1 . In addition to mild to severe intellectual disability, individuals with FXS often have 36 increased susceptibility to seizures, autism-like behaviors, developmental delays, among other 37 symptoms 1 . FXS is caused by the expansion of a CGG trinucleotide repeat in the 5'UTR of strong bias for optimal codons (i.e., codons that are favored over other synonymous codons in 68 highly expressed mRNAs; such RNAs tend to be stable [12] [13] [14] [15] ), suggesting that their levels are 69 controlled by a post-transcriptional mechanism. These observations imply that in the cortex,
70
FMRP directly or indirectly regulates RNA stability. Indeed, RNA metabolic profiling by 5-ethynyl 71 uridine incorporation and whole transcriptome sequencing revealed wide-spread dysregulation 72 in RNA degradation rates in Fmr1-KO cortical neurons while synthesis and processing rates 73 remained substantially unchanged. We identified ~700 mRNAs that degrade significantly faster 74 in Fmr1 KO cortex compared to WT; those that favor optimal codons were particularly affected.
75
This wide-spread codon-dependent dys-regulation in RNA degradation involves a massive 76 reshuffle of the identities of stabilizing vs destabilizing codons, which is unlinked from codon 77 bias. These results indicate that a primary consequence of FMRP depletion from the brain 78 transcriptome is dys-regulated mRNA stability by uncoupling codon bias from the RNA 79 destruction machinery. This uncoupling may be a general mechanism that underlies the FXS, 80 and restoring the RNA stability landscape could be a key to ameliorating the disorder as implied 81 by the restored RNA levels in the dKO brain. showing genes identified having differential ribosome occupancies (RO; left) and RPF (middle) between any two genotypes of the four genotypes noted above, and genes expressing differential steady state RNA levels between the normal and FXS-like groups (right). Heatmap heights are proportional to the numbers of differential genes identified in each comparison. Red and blue shades show high or low z-scores calculated for each gene (row) across all samples. For RPF and RNA heatmaps both replicates are plotted separately for each genotype, and for RO a statistical summary of the two replicates were calculated using Xtail 17 and plotted. c, Venn diagram showing the overlap of genes up or down regulated at the ribosome occupancy (RO) level in FK compared to WT and at the RNA level in FXS-like group compared to the normal group. Numbers of genes in each group and in each overlap as well as p-values of enrichment (hypergeometric test, upper tail) are indicated. d, Representative Gene Ontology (GO) terms enriched for genes upregulated (upper) or down regulated (lower) at the RNA level in the FXS-like group. Grey bars and red pointand-lines show the -log10(P value) and fold enrichment of each of these GO terms, respectively. See Tables S1 and S2 for full lists of enriched GO terms. e, Venn diagrams showing the overlap between the DE genes at the RNA level with all SFARI autism risk genes 20 (upper) and FMRP binding targets 6 (lower). Numbers of genes in each group and in each overlap as well as p-values of enrichment (hypergeometric test, upper tail) are indicated.
139
been observed previously 18 . Second, we find that FMRP regulates the levels of mRNAs that 140 encode chromatin modifying factors, which is reminiscent to other observations showing that 141 FMRP controls the synthesis of epigenetic regulators in young neurons, albeit at the 142 translational level 19 . Third, the brain and neuron components enriched in the GO terms of the 143 down-regulated genes reflect the neural dysfunction that occurs in FXS. Indeed, the down-144 regulated genes are also significantly enriched for autism genes as compiled by SFARI 20 (Fig   145   1e left; p = 3.56 x 10 -7 , hypergeometric test, upper tail).
146
We examined whether FMRP might have a direct effect on the steady state levels of the brain 147 transcriptome. Significantly, 199 genes out of 733 DE mRNAs are bound (i.e., by CLIP, UV 148 Crosslink and Immunoprecipitation) by FMRP 6 , and 194 of these were down-regulated, which is 149 34% of all the down-regulated genes in the FXS-like group (p = 1.01 x 10 -104 , hypergeometric 150 test, upper tail; Fig 1e right) . This result indicates that loss of FMRP may have a direct impact 151 on the levels of a subset of the transcriptome important for the proper brain functions.
152
We found that the genes down-regulated in this study, as well as FMRP target mRNAs 6 , were 153 also reduced in other studies that examined various FMRP-deficient cell and tissue types from 154 mouse to human (Fig S1c) . Given that this dys-regulation is widespread in other FXS 155 paradigms and that the RNA rescue parallels phenotypic rescue 8 , it is axiomatic that investigating RNA dys-regulation is fundamental to understanding and perhaps mitigating the 157 disorder.
158
Down-regulated mRNAs have a strong bias for optimal codons 159 Because of its strong cytoplasmic localization 21 and likely direct control of steady state levels of 160 its binding target, we surmised that FMRP would regulate mRNA stability 22 . How FMRP could 161 stabilize target RNAs is suggested by its role in stalling ribosomes during translation 162 elongation 6,8,23 (Fig 2a) . In yeast, Dhh1p (DDX6) destabilizes mRNAs with low codon optimality 163 by sensing their slow ribosome decoding rate 24 . Codon optimality, a measure of the balance 164 between the demand and supply of charged tRNAs 25 , is a major determinant of mRNA stability 165 from yeast to vertebrates 12-15,24,26 . Generally, mRNAs with more optimal codons (presumably 166 with faster decoding rates) are more stable than mRNAs using less optimal codons, connecting 167 translation regulation to mRNA stability. Consequently, we calculated the codon Adaptation 168 Index (cAI) 27 from our WT mouse cortex transcriptome data, which describes the codon usage 169 bias among synonymous codons for the highly expressed genes. We then derived the 170 geometric mean of the cAI of each codon in each gene, which is referred to as the gene cAI 171 score (see Materials and Methods). We considered the codon cAI score as a proxy of codon 172 optimality and the gene cAI score as a predictor of mRNA stability in WT mouse cortex; high 173 gene cAI scores predict stable mRNAs. In WT cortex, the transcripts have gene cAI score 174 ranging from 0.62(Gm14431) to 0.95 (Rpl41) (0.77 ± 0.04, mean ± S.D.).
175 Surprisingly, the RNA down-regulated genes (Fig 2b, blue) were significantly more optimal than 176 the overall transcriptome (p = 1.51 x 10 -92 , Wilcoxon test, two tail), and the RNA up-regulated 177 genes (red, Fig 2b) were significantly less optimal (p = 5.80 x 10 -17 , Wilcoxon test, two tail).
178
Indeed, the down-regulated genes were among the most optimal (gene cAI of 0.8 ± 0.03, mean 179 ± S.D.) in the transcriptome, while the up-regulated genes among the least optimal (cAI 0.74 ± 180 0.04, mean ± S.D.) (Fig S2a, left) . These cAI scores of the DE genes are not mere reflections of their transcript levels (Fig S2a, right) ; both gene groups were highly expressed. These values 182 predict that the mRNAs down-regulated in FK cortex would be among the most stable in the WT 183 cortex, while the up-regulated mRNAs the least stable.
184
We grouped the detectable for each bin (Fig 2c, left) . We are often associated with RNA stability regulation 28 , including coding sequencing (CDS) length, 202 5' and 3' UTR length, also correlated with mRNA level changes albeit not as strongly, except for 203 coding sequence GC content (Fig S2b) , which is a known confounding factor with codon 204 optimality 29 . Given that FMRP target mRNAs strongly overlap with the down-regulated genes 205 (Fig 1d) , they are, not surprisingly, reduced in all cAI bins. However, the FMRP targets with higher cAI scores are even more reduced than those with lower cAI scores (Fig 2c, To determine whether loss of FMRP destabilizes mRNA, we incubated WT and FK mouse 213 cortical neurons (14 DIV) with 5-ethynyl uridine (5EU) for 0 (i.e., unlabeled control, or "unlab"), 214 20 (library A), or 60 min (library B), after which the RNA was "clicked" to biotin and purified by 215 streptavidin chromatography. The RNA was mixed with 5EU-labeled fly RNA and unlabeled 216 yeast RNA as a control and sequenced together with total unenriched RNAs as input samples 217 (Fig 3a) . The spike-in RNAs for the libraries were used as quality control measures, showing 218 that the WT and FK libraries were of equal quality (Fig S3a-c) . After filtering (Fig S3d) , we 219 calculated RNA metabolism rates (synthesis, processing and degradation rates) by comparing 220 nascent and mature RNA concentrations in the 5EU-labeled and input total RNA libraries using
221
INSPEcT 30,31 . We obtained metabolism rate information for 8590 RNAs, which include 412 222 FMRP target mRNAs. The rates follow lognormal distributions with medians of 1.12 and 1.04 223 RPKM/hr, 6.84 and 6.60 hr -1 , and 0.13 and 0.14 hr -1 for synthesis, processing, and degradation 224 for libraries A and B, respectively (Fig 3b) , demonstrating the reproducibility of the assay.
225
We calculated Spearman's correlation coefficients for all three metabolism rates per genotypes 226 for both libraries (Fig 3c) . For synthesis, processing, and degradation rates, we observed 227 decreasing correlation coefficients between WT and FK. For synthesis rates, WT and FK cluster 228 together for the same labeling parameter (library A or B), indicating that there is little genotype 229 difference. For libraries A and B, the correlation coefficients were 0.97 and 0.88 between WT 230 and FK, again demonstrating that the synthesis rates between the 2 genotypes are similar. For processing rates, the two genotypes were also similar despite slightly lower Spearman's 232 correlation coefficients between WT and FK (0.79 and 0.61 for libraries A and B). Strikingly, the 233 correlation coefficients of degradation rates between WT and FK were substantially lower (0.22 234 and 0.36 for libraries A and B), indicating that there is a major difference in degradation between 235 genotypes. The Spearman's correlation coefficients between libraries A and B for each 236 genotype (0.87 and 0.72, respectively) indicates high reproducibility. Therefore, the degradation 237 rates for the four libraries are separated by genotype (Fig 3c) , demonstrating that RNA stability 238 in FK neurons is disrupted.
239
We determined whether the RNA DE genes identified in the FXS-like group (Fig 1b, right) have 240 altered RNA degradation rates. As predicted by gene cAI scores in WT cortical tissue (Fig 2b) 241 and cultured cortical neurons (Fig S3e) , the down-regulated RNAs (blue) are among those with 242 the lowest degradation rates, i.e., the most stable (Fig 3d, left) . On the contrary, in FK neurons, 243 the down-regulated RNAs degrade significantly faster than the transcriptome in general (Fig 3d,   244 right; p = 0.00029 and 0.026 for libraries A and B respectively; Wilcoxon test, one tail). The up-245 regulated RNAs (red) do not show a significant change in degradation rate (Fig 3d) . Therefore, 246 many mRNAs with optimal codons that are stable in WT cortical neurons become unstable in 247 FK neurons.
248
To perform gene level comparisons of RNA metabolism rates, we normalized the values 249 between libraries A and B for WT and FK (Fig S3f) . At an adjusted p-value cut-off of 0.01, we 250 identified no RNA with different synthesis or processing rate, but 748 RNAs with different 251 degradation rates, of which 688 (92%) degraded faster in FK compared to WT (Fig 3d, Fig   252   S3g ). Significantly, the RNAs that degraded faster in FK were highly enriched for FMRP targets 253 and down-regulated RNAs in the cortex (Fig 3f) , showing that faster degradation is mostly 254 responsible for the reduced RNA levels in FK brain. We also determined the influence of codon 255 optimality on global mRNA degradation upon the loss of FMRP. Consistent with the high gene cAI score-dependent reduction of steady state mRNA in the cortex as we observed previously 258 (Fig 2c, left) , there was indeed a preferential destabilization (higher degradation rate) of genes 259 with high cAI scores (Fig 3g, Fig S3h) . The codon-stability coefficient (CSC), which describes the link between mRNA stability and 263 codon occurrence, has been calculated for each codon from yeast to human 12-15 . We 264 determined whether this relationship is maintained in FK neurons by first calculating CSC in WT 265 neurons. Here CSC values ranged from < -0.2 to > 0.2, which is comparable to previously 266 reported CSC values for human cell lines and mouse embryonic stem cells (Fig 4a) . This is 267 unlike what has been described in fly where the neuronal CSC is attenuated relative to somatic 268 cells 13 . Of the 60 non-start or -stop codons, 29 had CSCs greater than 0 (stabilizing codons) 269 and 31 less than 0 (destabilizing codons) (Fig 4b, upper) . Strikingly, 17 codons that are degradation rates in FK vs WT neurons for genes in each gene cAI score bins as described previously (Fig 2c) . Brown star indicate the median of the bin greater than 0 with a p-value < 0.01 (Wilcoxon test, one tail). No bin had median less than 0.
identities of stabilizing vs destabilizing codons in FMRP-deficient neurons could reflect changes 274 in codon usage bias in highly expressed genes accordingly, i.e., the correlation between CSCs between CSCs and codon usage frequencies in the top 10% expressed mRNAs in WT and FK 279 neurons. As expected, in WT neurons there is a positive correlation (r = 0.55, p-value = 1.92 x 280 10 -5 ). However this correlation is largely lost in FK neurons, i.e., the correlation is almost random 281 (r = 0.067, p-value = 0.612) (Fig 4c) . The codon usage frequency in the top expressed genes in 282 WT and FK neurons was largely unchanged (data not shown). These results show that the link 283 between codons' stabilizing vs destabilizing properties and their usage bias is uncoupled in 284 FMRP-deficient neurons.
285
Discussion
286
Although it is widely assumed that FXS is caused by excessive protein synthesis 32 , our study 287 shows this postulate is over-simplistic. We find that steady state RNA levels are globally 288 disrupted in the disorder, and that genetic rescue by Cpeb1 deletion, and possibly in other 289 rescue paradigms as well, mitigates this molecular dys-regulation. The loss of FMRP results in 290 enhanced instability not only of its direct target substrates, but also of other mRNAs with an 291 optimal codon bias transcriptome-wide. Our data show that RNA stability conferred by optimal 292 codons requires trans-acting factors such as FMRP. This requirement leads to the massive 293 reshuffling of the identities of stabilizing versus destabilizing codons in FMRP-deficient neurons.
294
FMRP could regulate codon dependent mRNA stability either directly or indirectly. Because
295
FMRP seems to target transcripts with a bias for optimal codons (Fig S2c) , and FMRP CLIP 296 targets are generally reduced in FMRP deficient cortex (Fig 2c, right) , FMRP could be recruited 297 to optimal codons and its binding directly stabilize the target transcripts. Alternatively, FMRP 
300
Indeed, the genes with down-regulated transcript levels in FK cortex had generally up-regulated 301 ribosome occupancy (Fig 1c) , a measure for translation activity. In particular, repressing translation elongation by applying translation elongation inhibitors such as cyclohexamide 34, 35 303 and sordarin 35 , by mutating the gene encoding eIF5A 36,37 , or by simulating histidine starvation by 304 treating cells with 3-amino-1,2,4-triazole 35 , has been shown to stabilize mRNAs. This is 305 reminiscent of the model where FMRP stalls translation elongation. Loss of FMRP could lead to 306 derepression of translation elongation of its target transcripts and with it enhanced mRNA 307 decay. However, these scenarios cannot explain the dys-regulated RNA degradation rates for 308 mRNAs that are not FMRP CLIP targets. One possibility is that FMRP binds far more mRNAs 309 than can be covalently crosslinked by UV irradiation. The FMRP CLIP experiments in the mouse 310 cortex 6 did not use a nucleoside analog such as 4-thio uridine to enhance UV crosslinking 38 , nor 311 did they use formaldehyde 39 , which does not rely on short-range proximity of FMRP to RNA to 312 detect an association. Thus, the FMRP CLIP RNAs may be an underestimate of the number of 313 transcripts bound by this protein.
314
Another possibility could be that FMRP regulates the codon-dependent stability of the 315 transcriptome via its interaction with other protein binding partners. In yeast, nonoptimal codons 316 induce ribosome pileup, which is recognized by Dhh1p, an RNA helicase that leads to mRNA 317 destruction 24 . However, we have no evidence for ribosome pileup in mouse brain cortex.
318
Moreover, in FMRP-deficient brain, the destabilized RNAs have increased ribosome 319 occupancies (Fig 1c) , not decreased. Consequently, a cause-and-effect relationship among 320 ribosome occupancy, codon optimality, and RNA destruction as illustrated in yeast may not 321 precisely apply to the mammalian brain. However, it is curious to note that FMRP interacts with 322 the mammalian ortholog of Dhh1p, DDX6 40,41 , and that DDX6/Dhh1p CLIPs predominantly to 323 mRNA coding regions and 3'UTRs 42, 43 . It is worth noting the strong correlation between CDS 324 GC content and RNA changes in the FXS-like group (Fig S2b) , as well as the high GC content 325 of the most destabilizing codons in FK neurons (Fig 4b, lower) . Several factors have been found 326 to regulate mRNA stability depending on GC content associated with codon optimality, including DDX6 44 and ILF2 45 in human cells. It is tempting to speculate that in FMRP-deficient brain,
328
DDX6 might mediate the destabilization of the down-regulated RNAs.
329
Lastly, we cannot exclude the possibility that loss of FMRP could impact the availability of 330 charged tRNAs of certain anticodons. If such were the case, the balance between supply 331 (charged tRNA) and demand (codon usage) would be lost, leading to the dys-regulation of 332 translation elongation and mRNA decay, and therefore the uncoupling of the link between 333 stabilizing/destabilizing codon and codon usage bias.
334
Our study establishes FMRP as a link between stabilizing/destabilizing codons and codon 335 usage bias in the neuronal transcriptome (Fig 5) . Given the broad similarity between the WT 336 and dKO transcriptional profiles, we speculate that genetic rescue by CPEB1 ablation likely 337 causes a realignment of CSC to resemble that of WT. This realignment could be a key to 338 ameliorating the Fragile X disorder. 
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Differential translation and RNA expression analysis
407
Brain cortex ribosome profiling and RNA-seq reads were processed as previously described 11 , 408 which includes the following steps: 1) reads were separated based on sample barcode 409 sequences; 2) known 3' adapter sequences and low quality bases were removed with 410 
440
RNA metabolism profiling analysis
441
Reads generated from the RNA metabolism profiling libraries were processed as for cortical 442 RNA-seq libraries described above, except that a mouse-fly-yeast merged genome (mm10 + 443 dm6 + sacCer3) was used as the reference genome for reads mapping by hisat2. The mapping 444 statistics here were used for quality control and filtering purposes (Fig S3a-d) . Uniquely mapped 445 reads that are depleted of rRNA, tRNA sequences and PCR duplicates were again mapped to 446 mm10 genome with hisat2. Intron and exon read quantification, and RNA metabolism rates 447 (synthesis, processing and degradation) estimation was performed using INSPEcT 30 (v1.10.0),
448
with the degDuringPulse parameter set to TRUE. One set of libraries, which was of low 449 complexity (Tab S3), was still used to confirm the global shift of degradation rates in FK 450 neurons. This reproducible global shift allowed us to normalize WT and FK libraries separately 451 for our gene level analysis (Fig S3g) . Specifically, raw RNA metabolism rates estimated by
452
INSPEcT were normalized between libraries A and B for WT and FK neurons separately using 453 the limma package 58 with the "cyclicloess" method. After normalization, genes with different 454 metabolism rates were tested using the limma package.
455
Codon-stability coefficient (CSC) analysis
456
CSCs were calculated as previously described 8, 9, 12, 14 . Specifically, a Pearson's correlation 457 coefficient was calculated for each of the 60 non-start and -stop codons between the 458 frequencies of this codon in all the genes that use this codon, and the stability of these genes.
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The stability of a gene (y), which is the inverse of its degradation rate (x), is expressed as 
